New score indicating placental vascular resistance.
Doppler ultrasound has developed to become a valuable tool to evaluate the fetal and uteroplacental circulation and assist in predicting fetal well-being. In pregnancies suspected of intrauterine growth restriction (IUGR), umbilical artery Doppler velocimetry guides in the selection of those cases that need vigilant fetal surveillance and those that most promptly need to be delivered. In comparison with cardiotocography for fetal surveillance, the use of Doppler velocimetry in high-risk pregnancies has substantially helped to reduce the cost of care (1) .
Characteristic physiological changes develop in placental bed vessels during normal pregnancy (2) . In early pregnancy, placental trophoblast cells invade the underlying spiral and radial arteries and transform the vessel wall structure with smooth muscle cells to become large flaccid dilated channels without contractile properties. These physiological changes are the basis for the development and increase in uterine artery blood flow during normal pregnancy: from 50 ml/min in early pregnancy to 700 ml/min at term (3, 4) . The conversion of subplacental vessels is partly or totally absent in pregnancies complicated by IUGR or pre-eclampsia (2, 5) .
In 1983, Campbell and coworkers (6) first presented data on utero-placental blood flow. They studied the arcuate arteries. A 'notch' in early diastole was then first described as a marker of increased utero-placental vascular resistance. However, in a prospective study on pregnancies complicated by IUGR, the arcuate artery velocimetry had a lower positive predicted value on adverse perinatal outcome than the umbilical artery velocimetry (7) . A contributing factor might be that a single arcuate artery represents only approximately 10% of the placental circulation. Recent research has therefore focused on blood flow in the main uterine arteries. In the early studies, the uterine artery was blindly located by continuous wave Doppler technology. The initial results were, however, disappointing. After the introduction of color Doppler imaging, the uterine arteries can easily be localized and blood velocity recorded by pulsed wave methodology. An increased utero-placental vascular resistance is a significant finding associated with complications like preterm delivery, small-forgestational age (SGA) newborns, and operative delivery (8) .
There have been several attempts to simplify the description of placental vascular resistance for use in clinical practice, describing blood flow on one or both sides of the placenta (7-9). The information provided by vascular resistance indices and presence of a unilateral or bilateral waveform notch can, however, be difficult to grasp and use in routine practice. In order to simplify the description of placental vascular resistance and combine velocimetries in fetal and maternal vessels, a new placental score system was developed and assessed in a prospective study on high-risk pregnancies.
Materials and methods
The study comprised 633 pregnant women who were referred for Doppler examination as part of perinatal surveillance in high-risk pregnancies: pregnancy-induced hypertension (PIH), defined as a systolic and/or diastolic blood pressure increased by at least 30 and 15 mmHg, respectively, after 20 weeks of gestation, or pre-eclampsia (blood pressure of 140/90 mmHg and proteinuria (>0.3 g/l urine) (n ¼ 121), suspected IUGR (fetal weight >2 SD below the expected mean of the reference population) (n ¼ 112), vaginal bleeding (n ¼ 68), oligohydramnios (amniotic fluid index <50 mm) (n ¼ 61), post-term pregnancy (¼ 42 weeks) (n ¼ 62), diabetes mellitus (n ¼ 45), decreased fetal movements or history of previous history of perinatal death, IUGR or PIH (n ¼ 67).
Examinations were performed with a 3.5-MHz ultrasound 125 XP real-time sector scanner (Acuson Comp., Mountainview, CA). A pulsewaved Doppler with color Doppler options was used. The umbilical artery blood velocity signals were obtained from a free-floating central part of the cord. Three subsequent blood velocity waveforms were analyzed for pulsatility index (PI) according to Gosling et al. (10) . The results were related to reference values (11) with calculation also of the mean þ3 SD limit, as shown in Fig. 1 . The spectrum of maximum blood velocity in the umbilical artery was divided into four semiquantitative blood flow classes (BFC) based on the waveform pattern, as modified after Laurin et al. (12) (Table I) .
Both uterine arteries were localized by color flow mapping in an oblique scan, and blood flow velocity was recorded in the artery just cranial to the crossing of the uterine artery central to the iliac artery. The pattern of an early diastolic notch in the uterine blood velocity spectrum was registered as described by Campbell et al. (6) . A notch was defined as a decrease in blood velocity in early diastole, which is below the diastolic peak velocity.
Uterine artery vascular impedance Doppler velocimetry was defined as increased if the PI was >1.20 after 24 weeks of gestation, as according to Hofstaetter et al. (8) . The uterine artery blood flow velocity waveforms were divided into five uterine artery scores (UAS) depending on the presence of an increased PI and/or presence of an early diastolic notch, as according to Sekizuka et al. (13) (Table I) .
The UAS and the BFC were combined to form a placental score (PLS) as an expression of Serial examinations were often performed with intervals of less than 3 weeks. The median gestational age at the last examination was 35 completed weeks (range 23-43) and at delivery 37 weeks (range 27-43). The median time interval between examination and delivery was 1 week (range 0-26 weeks). The result of the last examination before delivery was related to three perinatal outcome variables: premature delivery (birth before 37 completed weeks of gestation), SGA newborns [birthweight less than mean À2 SD of the normals (14) ], and delivery by cesarean section (irrespective of elective or emergency operation).
Descriptive statistics in terms of mean and range were calculated. Sensitivity, specificity, positive-and negative-predictive values were also calculated. Receiver operating characteristic (ROC) curves were drawn for each diagnostic test (i.e. BFC, UAS and PLS) to evaluate its ability to discriminate the likelihood of developing adverse perinatal outcome (15) . Area under the curve and 95% confidence intervals (CI) were calculated using the statistical computer program MedCalc version 6.00.014. If the lower limit of the CI for the area under the ROC curve was more than 0.5, the diagnostic test was considered to be able to predict adverse perinatal outcome (16, 17) .
Results
Of 633 cases in total, 92 (14.1%) had an increased PI in the umbilical artery (BFC 1-3) and 348 (55%) showed signs of a high vascular resistance in the uterine arteries (UAS 1-4). Table II illustrates the distribution of cases according to UAS and BFC. A normal umbilical artery blood vel-ocity waveform was found in 266 cases with signs of increased vascular resistance in the uterine circulation. Only 10 out of 92 cases with increased vascular resistance in the umbilical artery (BFC 1-3) had normal uterine artery waveform.
At delivery there were 178 (28%) SGA newborns and 60 (9.4%) preterm deliveries. There were a total of 221 cesarean sections (34.5%). Table III gives the distribution of complications within PLS. Figures 2-4 illustrate the relationship between the occurrences of SGA newborns, premature delivery, cesarean section, and the different blood flow scores. Figure 5 illustrates the ROC areas for the different scores in relationship to SGA. The areas under the curve for PLS (0.76; CI ¼ 0.72-0.79) and UAS (0.73; CI ¼ 0.69-0.76) were significantly larger than those for the BFC (0.66; CI ¼ 0.62-0.70); p < 0.0001 and p < 0.002, respectively. For cesarean section and prematurity, the PLS had only a significantly larger area under the curve (0.71; CI ¼ 0.68-0.75) than the BFC (0.63; CI ¼ 059-0.67); p < 0.002 and p < 0.002, respectively.
Discussion
The present prospective observational study results indicate that evaluating vascular flow resistance on both sides of the placenta may improve the diagnostic power when evaluating fetal growth restriction. Signs of an increased B F C  0  1  2  3  4   0  275  67  108  73  18  1  3  2  1 5  1 4  1 1  2  7  6  9  9  8  3  0  0  1  3  4 BFC ¼ blood flow class; UAS ¼ uterine artery score. vascular flow resistance were four-fold more common on the maternal side than on the fetal side of the placenta. An increase in feto-placental vascular resistance was nearly four-fold more frequent in the uterine than umbilical artery. This might suggest that an increase in vascular flow resistance might develop and be detected earlier in the uteroplacental circulation than in the fetoplacental circulation. In our experience, the uterine artery Doppler spectrum is usually unchanged from 24 weeks of gestation. Umbilical artery Doppler spectrum, however, often shows signs of increasing vascular resistance with time, signs strongly related to worsening fetal condition. The information provided by uterine artery Doppler velocimetry alone can thus not replace the umbilical artery Doppler velocimetry. Although, the highest score of increased uteroplacental vascular resistance (UAS 4) was found to be comparable to absent or reversed end-diastolic (ARED) flow in the umbilical artery (Figs 3  and 4 ). The present study comprises a heterogeneous group of high-risk pregnancies. The aim was to relate the new scores to well-defined outcome variables of clinical surveillance for high-risk pregnancies. Although the vast majority were complicated by pre-eclampsia and/or intrauterine growth restriction, less heterogeneous study material might give even better results.
The new uterine artery score does not take into account the location of the placenta. This is based on our previous results (8) , suggesting that the mean of both vessels is as reliable. Defining placenta location by ultrasound is not always easy because it might be somewhat more on one side. Not taking the location of the placenta into account makes evaluation easier in the clinical setting.
The grouping of the umbilical artery blood velocity waveform patterns into the BFC is a semiquantitative grouping that has the advantage of being easy to grasp and use in everyday clinical work. The vascular flow resistance in the umbilical artery is usually grouped into normal blood velocity waveforms, increased PI with forward flow in diastole, and ARED flow. In our unit, the umbilical artery waveform has been grouped into four categories, with inclusion of a fourth intermediate class (BFC 2), describing a PI>3 SD above the mean, and forward flow in diastole. This class describes a severe increase in fetoplacental vascular resistance, although considerably less severe than ARED flow (BFC 3).
The spectrum of uterine artery blood velocity is usually analyzed for the presence of an early diastolic notch and for pulsatility or resistance indices. It is controversial which of the uterine arteries best represents the placental bed circulation on the placental or nonplacental side. Attempts have previously been made to classify uterine artery vascular resistance (7) (8) (9) . The UAS was first proposed in 1997 (13) . As for the umbilical artery BFC, this score system is easy to use in clinical practice. In the present study we tried to further develop the evaluation of placental vascular resistance. The PLS is a measure of general placental vascular resistance, which simplifies the evaluation of Doppler velocimetries on both sides of the placenta. This is a new classification that might further improve fetal surveillance.
In conclusion, Doppler ultrasound is an invaluable tool for understanding the physiologic and pathophysiologic changes in the maternal and fetal circulation in pregnancy. Its use, notably examination of blood flow in the umbilical artery, is already an established part of clinical practice. The present study further supports the clinical value of uterine artery Doppler in highrisk pregnancies. Adding uterine artery Doppler velocimetry and creating the PLS for detection of increased placental vascular resistance further improved the detection power.
